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Introduction 1
Phantoms are widely used for medical imaging performance tests, quality control 2 and assurance testing, medical teaching, and scientific research. Traditional phantoms 3 are machine-manufactured and often only compatible with a single imaging modality.
4
Commercially available phantoms, i.e., Catphan phantom (Ferretti et al 2016) , 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 5 on SPECT/CT, PET/CT, and CT/MRI systems. (Domí nguez et al 2013) , food industry (Lipton et al 2015) , and medicine 7 (Marro et al 2016) . Compared with traditional techniques, 3D printing utilization has 8 grown dramatically due to the high accuracy, manufacturing efficiency, and ease of 9 customization (Berman 2012) . In health-care, 3D printing is has been widely used for 10 precise pre-operative surgical planning (Weber et al 2007) and medical implants to 11 speed up the recovery of patients (Singare et al 2006) . In radiation oncology 3D 12 printing has been used to generate QA phantoms or anthropomorphic phantoms and image quality evaluation (Alssabbagh et al 2017) .
17
3D printing technology has proven value in medical imaging phantom 18 constructions; however, the use in pre-clinical animal imaging applications is still in 19 development. In radiobiology experiments, mice are often used due to the genetic 20 similarity with humans (Batzoglou et al 2000) , and relatively low cost. If radiation 21 will be delivered to a small tumor area, pre-verification of dose delivery accuracy is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t there were no internal anatomic structures (Perks et al 2015) . Bentz et al. used 3D 7 printing to make a homogeneous mouse phantom with relatively simple geometry for 8 optical imaging (Bentz et al 2016 with radioactive dyes (Miller. and Hutchins. 2007 ). This method is complicated and 18 costly, and the production process is affected by the half-life of the radioactive tracer. A c c e p t e d M a n u s c r i p t 7 often difficult to distribute evenly in printed matrices during manufacturing. Gear et al.
1
designed a patient-specific molecular imaging phantom with simplified abdominal 2 organ models, including liver, spleen, kidneys, and multi-positional lesions, but tissue 3 equivalency for those organs was not addressed (Gear et al 2014) .
4
In the present work, various composition ratios of hydrogel and other compounds 5 were evaluated to achieve linear attenuation, tissue-equivalent physical characteristics, and MRI relaxation time using 3D printing technology. Using 3D printing we 7 constructed an anthropomorphic, anatomically-correct mouse phantom with low cost 8 and high accuracy. To our knowledge, this is the first study using 3D printing 9 technology to generate an anatomically accurate, heterogeneous small animal 10 phantom compatible with multimodal imaging platforms. 
Materials and methods

13
The heterogeneous mouse phantom is composed of a skeleton, skin shell, and 14 soft tissue materials. Material selection and model designs were based on material 15 characteristics using different imaging platforms. A c c e p t e d M a n u s c r i p t 8 histogram equalization, followed by automatic segmentation of the skeleton and skin 1 shell models, as showed in Fig. 1 A c c e p t e d M a n u s c r i p t The production of the skin shell is shown in Fig. 2 .
5
Soft tissue equivalent material 6 In order to achieve CT and MRI compatibility printed materials used for soft 7 tissue need to be X-ray attenuation equivalent and relaxation time equivalent. Agarose 8 gel has special properties (Derbyshire and Duff 1974, Matthew et al 1986) , and can be 9 used as a substrate. Micro pearl powder contains CaCO3 and collagen, and can be 10 hydrolyzed into many amino acid and microelement, with similar composition to 11 biological mouse tissues. The NaCl is used as an ion modifier in the gel for 12 conductivity adjustment (Cousins 2017 , Hattori et al 2013 . The X-ray attenuation 13 rate can be improved by adding the pearl powder to the gel. The hydrogel was formed 14 by adding agarose into distilled water and mixed with above-mentioned ingredients 15 (agarose, NaCl, and pearl powder), followed by microwave-heating to 100 degree 16 Celsius. A stable geometric shape can be formed after cooling (Cousins 2017, 17 Matthew et al 1986). T2 relaxation time varies with the ratio of agarose. The 18 magnevist solution is used to vary the T1 relaxation time after being added into the gel.
19
The gel solution can be directly molded and formed after cooling.
20
After experimentation, we found the ideal composition to be: 1.5% agarose 21 (molecular formula: C12H18O9, molecular weight: 306.26), 1.0% sodium chloride A c c e p t e d M a n u s c r i p t (NaCl), 1.0% micro-pearl powder, and 0.2 mmol/L magnevist solution (specification: 1 15 ml, 7.04 g, molecular formula: C14H26GdN3O10, molecular weight: 938). The 2 attenuation and relaxation time were evaluated for this experimented material. Phantom production was divided into forelimbs, trunk, and hindlimbs (see Fig. 1 6 and 2 for 3D printed models). These components were attached using hot melted 7 adhesive to form a hollow skin shell ( Fig. 3 A) . The skeleton was inserted and 8 attached to the skin shell matching their relative positions of the anatomical structure.
9
Molten hydrogel was poured into the skin shell and left at room temperature to 10 solidify. Following this the skin and the skeleton were tightly bound by the solidified
11
hydrogel. This process can be repeated by re-heating the phantom in a water bath,
12
pouring off any remaining hydrogel, and refilling the phantom as described above.
13
The characteristics of the skeleton and skin shell do not change with heat-cycling, and 14 can be reused. The hot melted adhesive is polyurethane, which has no effect on CT
15
and MR imaging due to the low density and low X-ray absorptivity or nonmagnetic 16 properties.
17
Imaging scans 18
The assembled mouse phantom was compared with a live mouse using 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 probe coil diameter 60 mm). For field strengths of 3.0T, the relaxation times were 17 measured with a GE, 3.0T DISCOVERY MR750 MRI using a GE workstation v4.6.
19
Results
20
Phantom materials parameters
21
Physical properties and imaging characteristics were compared for 3D printed shown in TABLE I.
10
The skeletal X-ray attenuation coefficient was measured for the rabbit femur and 11 compared with VERO-WHITE. Fig. 4 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 13 mouse muscle is shown in Fig. 4 
11
Good contrast between bones and hydrogel can be observed on both scans, and the 12 latter shows reduced noise due to higher tube current.
13
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1
Casting is still the predominant manufacturing method for generating imaging animal 2 phantoms (Huber et al 2009) . This method is also applied for manufacture of soft 3 tissue organ models, with 3D printed hollow shell filled with tissue equivalent gels.
4
We found that CT numbers and MRI relaxation times can be optimized to mimic 5 living tissue by changing the mass fraction of micrometer-sized pearl powder and the 6 amount of gadolinium agent (within a certain range) of the hydrogel.
7
In the present study, we chose soft tissue materials according to the 8 characteristics of the simulated tissues, including density, radiation characteristic, 9 LAC, and relaxation times. It is important to note that there is no substitute capable of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 value of 55 ± 5 ms (Damadian 1971) . The mean T2 value for the agarose gels obtained 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t comparison, the T2 value is considered to be in an comparable range. Overall, it has 1 been demonstrated that our experimented soft tissue material is within the range of the 2 reported normal mice and human muscles in terms of the T1 and T2 relaxation times.
3
Our 3D printed mouse phantom resembles the real mammal mouse in terms of 4 the body external contour, skeleton shape, CT numbers of the bone and soft tissue, 5 and relaxation times. The technology we employed, and our approach, can be used for 6 other studies of radiation therapy, i.e., dosimetric verification and measurements.
7
Through advanced material selection and use of 3D printing technology we were able 8 to fabricate an anthropomorphic tissue-equivalent mouse phantom that can be used for 9 animal imaging and studies with multiple imaging platforms. Other previously 10 developed multimodal imaging phantoms (R. K. Chen and Shih 2013) can be also 11 re-constructed using this method with decreased cost and increased flexibility. Our 12 present method supports 3D printing equivalent human skeleton and skin models in 13 combined with soft tissue and organ casting using gels that are similar to human tissue 14 characteristics, including physical properties, radiation equivalence, and equivalent 15 relaxation time.
16
Our future work will focus on further optimization of substitute soft tissue 17 materials to better simulate living tissue characteristics. Additionally, to improve the 18 similarity of modeled versus biologic PET scanner QA, we hope to incorporate 19 radioisotopes into the hydrogel ( 18 F or 11 C) in their molten state to obtain a more 20 realistic PET activity distribution (Markiewicz et al 2011) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 18 1
Conclusions 2
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